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Possible role of c-Jun in transcription of the mouse renin gene.
Background. Renin is a rate-limiting enzyme for activity of the
circulating renin-angiotensin system (RAS) and expression of the
renin gene is regulated by a variety of stimuli. In this study, we
examined a possible role of c-Jun in the transcription of renin
gene.
Methods. The renin promoter, chloramphenicol acetyltrans-
ferase (CAT), fusion genes with or without c-Jun expression
vector (pSV-c-Jun) were transfected into human embryonic kid-
ney (HEK) cells, and the effects of c-Jun were examined by
deletion and mutation analyses of CAT assay and by in vitro
transcription-primer extension assay. We also examined the ef-
fects of c-Jun on DNA-binding activity to the renin promoter by
electrophoretic mobility shift assay (EMSA). Furthermore, we
examined the effects of c-Jun on transcription of the renin gene in
enriched juxtaglomerular (JG) cells by cotransfection with pSV-
c-Jun and by treatment with antisense c-jun oligodeoxynucleoti-
des.
Results. Promoter activity of the renin gene was increased by
c-Jun overexpression in HEK cells, and the proximal promoter
region from 247 to 116 was sufficient for transcriptional activa-
tion by c-Jun. Although mutation of activator protein-1 (AP-1)
element-like sequences in the proximal promoter did not affect
c-Jun-mediated stimulation, mutation of the core promoter in-
cluding the TATA box inhibited c-Jun-mediated transcription.
The results of EMSA showed that c-Jun overexpression produced
a binding of nuclear factor, which was HEK cell-specific and
distinct from TATA box-binding protein and AP-1 family tran-
scription factor, to the renin core promoter region (RC element)
from 236 to 220. The overexpression of c-Jun activated the renin
promoter in renin-expressing JG cells, and antisense c-jun de-
creased the activity of renin promoter and expression of renin
mRNA in JG cells.
Conclusions. These results indicate that the RC element plays a
role in c-Jun-mediated transcriptional regulation of the renin
gene in HEK cells, and suggest that c-Jun participates in the
regulation of renin gene expression in JG cells of the kidney.
The renin-angiotensin system (RAS) plays a critical role
in maintaining blood pressure and fluid electrolyte balance.
The activity of RAS is mainly dependent on the production
of renin in the kidney. Renin synthesis and secretion in the
kidney are regulated by various factors such as blood
pressure, sodium intake, plasma level of angiotensin II, and
sympathetic nerve system. Expression of the renin gene is
regulated in a tissue-specific and developmentally linked
manner. The 59-flanking region of the mouse renin gene
contains sequences that have some homology to cAMP
response element (CRE) and binding sites for several other
transcription factors [1, 2]. Previously, we identified two
transcriptionally important promoter elements (RU-1 ele-
ment from 2224 to 2138, and RP-2 element from 275 to
247) in the mouse renin gene, and demonstrated that the
combination of these elements was important for cell
type-specific transcriptional activity of this gene in trans-
fected human embryonic kidney (HEK) cells [3]. Previous
studies showed that renin biosynthesis was influenced by
various signaling factors such as cAMP, calcium ions,
phorbol esters, and steroid hormones [4–7], and that
interactions among CRE and other transcriptionally active
elements were involved in basal and stimulated transcrip-
tional activity of human and mouse renin genes in renin-
expressing and non-expressing cultured cells [1, 2, 8–11].
The promoter region of the mouse renin gene contains
putative activator protein-1 (AP-1) elements in the RU-1
element (TGACTGA sequence at positions 2147 to 2141)
and in the proximal promoter region (AGGCTCA se-
quence at positions 222 to 216) [3]. The AP-1 consensus
motif (AP-1 element; TGA(C/G)TCA) was originally iden-
tified as an activator element which binds transcription
factor AP-1, a homodimer of the product of protooncogene
c-jun or a heterodimer of the products of protooncogenes
c-jun and c-fos [12]. The binding activity of AP-1, as well as
expression of the renin gene, is regulated in a cell type-
specific and differentiation-linked manner. The AP-1 fam-
ily transcription factors are nuclear targets for the signal
transduction pathway stimulated by activators of PKC such
as phorbol esters [12–14] and phorbol esters are reported
to stimulate renin gene expression in cultured chorionic
cells [7]. These observations, therefore, prompted us to
examine the effect of c-Jun on the promoter activity of
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renin gene and the possible roles of the promoter elements
in its effect in HEK cells.
The aim of the present study was to investigate the
functional significance of c-Jun in the control of renin gene
transcription. We investigated whether overexpression of
c-Jun activates transcription of the mouse renin gene in
HEK cells. If this is the case, it is possible that a specific
promoter region is involved in c-Jun-mediated activation of
renin gene. Furthermore, we examined whether overex-
pression of c-Jun in enriched juxtaglomerular (JG) cells,
the major production site of renin in the kidney, indeed
activates the renin promoter, and whether antisense c-jun
oligodeoxynucleotides reduces promoter activity and
mRNA expression of the renin gene in enriched JG cells.
METHODS
Plasmid constructs
pUCSV0CAT was used as a background reference and
pUCSV3CAT was used as a positive control [15]. Plasmid
pSV-c-Jun contains a mouse c-Jun cDNA linked down-
stream of the simian virus 40 (SV40) enhancer/promoter
sequence [12]. Construction of the herpes simplex virus
thymidine kinase (TK)-CAT was described previously [16].
Plasmid AP-1-TK-CAT contains a human metallothionein
IIA AP-1 element (GTGACTCAG) inserted upstream of
TK-CAT [12]. The mouse renin promoter-CAT hybrid
genes, R365CAT (2365 to 116), R224CAT (2224 to
116), R183CAT (2183 to 116), R164CAT (2164 to 116),
R114CAT (2114 to 116), R75CAT (275 to 116), and
R47CAT (247 to 116) were constructed as described
previously [3]. mAg/R365CAT was constructed by inserting
the 450-bp (2501 to 252) HinPI/Sau3AI fragment of the
mouse angiotensinogen promoter in the sense orientation
into the BglII sites of R365CAT [17]. R365CAT was used as
a template to construct mutations in the core promoter
from 247 to 116 by oligonucleotide-directed mutagenesis
[18]. Once the mutations were obtained and confirmed by
sequencing, the altered 381-bp (2365 to 116) fragments
were subcloned into the BglII/HindIII sites of
pUCSV0CAT.
Cell culture
HEK and HepG2 cells were maintained as described
previously [3, 19]. Enriched JG cells were isolated from
C57BL/6 mice according to the methods by Kurtz et al [20]
and by Horiuchi et al [1]. Briefly, kidney cortex was
collected from fifty mice, minced, and digested with 0.1%
collagenase and 0.25% trypsin. The cell suspension was
then subjected to sieving using a pore size of 0.20 mm.
Renin activity and mRNA expression of the cell suspension
after sieving were 5 to 6 and 3 to 4 times higher than those
before sieving, respectively. This ratio of concentration was
comparable to that reported previously [1]. These cultured
cells were kept in 5% CO2 and plated approximately 24
hours before transfection at a density of 5 3 105 cells in
60-mm-diameter plastic dishes.
Synthesis of oligodeoxynucleotides
The (unmodified) antisense and sense oligodeoxynucle-
otides corresponding to codons 1 to 6 of c-jun were
synthesized on a Milligen/Bioresearch Cycloney Plus oli-
gonucleotide synthesizer (Applied Biosystems) and puri-
fied by ethanol precipitation and multiple washes in 70%
ethanol. The sequences of these antisense and sense oli-
godeoxynucleotides are: c-jun antisense: 59-GCAGT-
CATAGAACAGTCC-39; c-jun sense: 59-GGACTGTTCT-
ATGACTGC-39. The double-stranded oligodeoxynucleotides
for the RC element (59-GTGTGTATAAAAGAAGG-39; po-
sitions 236 to 220 renin promoter region), mutated RC
element (m[RC] element; 59-GTGTGTcggtaAGAAGG-39),
and AP-1 (corresponding to metallothionein IIA AP-1 ele-
ment) were synthesized on a Milligen/Bioresearch Cycloney
Plus oligonucleotide synthesizer, purified on OPC columns
(Applied Biosystems) as described by the manufacturer, and
used for electrophoretic mobility shift assay (EMSA).
DNA transfection and CAT assay
c-Jun expression vector pSV-c-Jun or pUC19 plasmids
with the renin promoter-CAT hybrid genes and a b-galac-
tosidase expression plasmid pCH110 (1 mg), which was
used to normalize transfection efficiency, were transiently
cotransfected into cultured cells as described previously
[21]. Cells were collected and cell extracts were prepared by
freezing and thawing. The protein concentration was de-
termined using bovine serum albumin as a standard and
b-galactosidase activities were measured. The reaction
mixture contained 140 mM Tris-HCl (pH 7.8), 0.2 mCi of
[14C]chloramphenicol, 4 mM acetyl-coenzyme A (Pharma-
cia LKB Biotechnology Inc.), and cell extract (20 to 50 mg)
containing equivalent amounts of b-galactosidase activity in
a final volume of 150 ml. The mixture was incubated at 37°C
for two hours and then extracted with cold ethyl acetate.
The solution was dried, and the pellet redissolved in 15 ml
of ethyl acetate. The labeled chloramphenicol and acety-
lated derivatives were separated by ascending thin layer
chromatography using chloroform/methanol (95:5, vol/vol).
The chromatograms were exposed to x-ray film or to the
imaging plate of FUJIX BIO-Imaging Analyzer BAS2000
(Fuji Photo Film, Tokyo, Japan). The conversion ratios of
[14C]chloramphenicol were measured with the computer
analyzer of BAS2000.
In vitro transcription and primer extension
HEK cells were transfected with pSV-c-Jun or pUC19
and incubated for 48 hours. Whole-cell extracts (WCE)
from HEK cells were prepared using the method of Bodner
and Karin [22]. WCE were also isolated from enriched JG
cells using the same methods. In vitro transcription reac-
tions contained 100 mg of WCE and 100 ng of the specific
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test template DNA. In a reaction, WCE in 20 ml of buffer
was mixed with the template DNA in 5 ml of H2O and
incubated for 15 minutes on ice before the addition of 20 ml
of NTP mixture (1 mM each) and 5 ml of 5% polyvinyl
alcohol [22]. RNA synthesis was carried out at 30°C for 60
minutes. Reactions were terminated by phenol-chloroform
extraction, and RNA was collected by ethanol precipitation.
The RNAs synthesized in vitro were analyzed by primer
extension as described previously [16, 22, 23], and RNA was
extracted and analyzed by primer extension essentially as
described previously. Briefly, the CAT primer (183 to
160) was labeled using T4 polynucleotide kinase and
[g-32P] ATP, and added to the RNA pellets, which were
dissolved in 10 ml of a buffer containing 10 mM Tris-HCl
(pH 7.9), 250 mM KCl, and 1 mM EDTA. The annealed
primer was then extended by the addition of 24 ml of a
mixture consisting of 10 mM Tris-HCl (pH 8.7), 10 mM
MgCl2, 5 mM dithiothreitol, 100 mg/ml actinomycin D, 0.4
mM dNTPs, and 10 units of Rouse-associated virus
(RAV-2) reverse transcriptase [22]. The primer-extended
cDNAs were analyzed on 7 M urea/6% polyacrylamide gels
and subjected to autoradiography.
Elecrophoretic mobility shift assay (EMSA)
HEK cells were transfected with pSV-c-Jun or pUC19
and incubated for 48 hours. Nuclear extracts from HEK
cells were prepared using the modified method of Dignam
et al [24, 25]. The renin core (RC) element (236 to 220)
was phosphorylated on its 59-end by T4 kinase and [g-32P]
ATP, and used as the probes. Nuclear extracts (15 mg) were
preincubated for 15 minutes on ice in a 20-ml reaction
mixture containing 12 mM HEPES (pH 7.9), 60 mM KCl, 0.1
mM EDTA, 0.5 mM dithiothreitol, 0.5 mM phenylmethylsul-
fonyl fluoride, 12% glycerol, and 500 mg of poly(dI-dC) in
the presence or absence of 100-fold excess of a specific
double-stranded competitor DNA. Approximately 0.3 ng of
the radio-labeled probe were added and the incubation
continued for 30 minutes at room temperature. The incu-
bation mixture was loaded on a 5% polyacrylamide gel in a
buffer containing 50 mM Tris-HCl (pH 8.3), 192 mM
glycine, and 1 mM EDTA, then electrophoresed at 140 V
for three hours followed by autoradiography [8]. For the
supershift experiments, an antibody with epitopes specific
to conserved regions of the Jun family (Santa Cruz Bio-
technology) was used.
RNA isolation and analysis
Total RNA was isolated from enriched JG cells using the
acid guanidinium thiocyanate-phenol-chloroform extrac-
tion method [26]. RNA samples (20 mg) were denatured
with 1 M glyoxal and 50% dimethylsulfoxide, electropho-
resed on 1.2% agarose gels, and transferred onto nylon
membranes (GeneScreen Plus; DuPont-New England Nu-
clear, Boston, MA, USA). The membranes were hybridized
with [32P]-dCTP-random labeled probes for renin or 18S
ribosomal RNA (18S rRNA) for 24 hours at 60°C as
described previously [8, 27]. The radioactivities of the
bands were measured using BAS 2000 imaging plates and a
FUJIX BIO-Imaging analyzer BAS 2000.
Statistical analysis
For the statistical analysis of differences among groups,
the unpaired Student’s t-test or analysis of variance fol-
lowed by Scheffe’s F-test were used. The quantitative data
are expressed as means 6 SEM.
RESULTS
Cell type-specific and renin promoter-dependent
activation by c-Jun
Three-microgram aliquots of the renin promoter-CAT
hybrid gene (R365CAT) were cotransfected with 6 mg of
pUC19 (pSV-c-Jun 2) or pSV-c-Jun (pSV-c-Jun 1) into
HEK and HepG2 cells. Cells were incubated for 12 hours,
washed, incubated further for 36 hours in fresh medium,
and harvested for CAT assay. Cotransfection of pSV-c-Jun
activated CAT expression directed by the renin promoter
from 2365 to 116 (R365CAT) in HEK cells (Fig. 1A). In
contrast, this promoter region was not able to mediate the
activation by c-Jun in HepG2 cells. This lack of activity in
HepG2 cells was not caused by a lower transfection effi-
ciency, since expression directed by pUCSV3CAT was
similar in HEK and HepG2 cells. Furthermore, this was not
due to an inability of HepG2 cells to respond to c-Jun,
because the positive control AP-1-TK-CAT was highly
stimulated similarly by c-Jun in HEK and HepG2 cells
(data not shown). The renin promoter displayed a basal
activity in HEK cells but not in HepG2 cells. It was possible
that the inability of the renin promoter to respond to c-Jun
in HepG2 cells was due to an extremely low basal activity
and therefore not reaching detection. Since we previously
showed that the angiotensinogen promoter region in-
creased CAT expression both in HEK cells and in HepG2
cells [17], the mouse angiotensinogen promoter sequence
(mAg, 2501 to 252 of the transcriptional start site) was
inserted upstream of the renin promoter region to increase
the basal CAT expression to the detectable level in HepG2
cells (Fig. 1B). The resultant mAg/R365CAT exhibited
significantly higher basal expression than R365CAT. How-
ever, cotransfection with pSV-c-Jun significantly increased
expression of mAg/R365CAT in HEK cells but not in
HepG2 cells.
Then, R365CAT (3 mg) or TK-CAT (3 mg), and a
b-galactosidase expression plasmid pCH110 (1 mg) were
transiently cotransfected into HEK cells with increasing
amounts of pSV-c-Jun (Fig. 2). The total amount of
transfected DNA was kept constant at 10 mg by addition of
pUC19. The level of CAT activity of R365CAT was pro-
portional to the amount of cotransfected pSV-c-Jun DNA
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in the range of 1 to 6 mg of DNA. In contrast, cotransfec-
tion with pSV-c-Jun did not have any significant effect on
CAT expression directed by the TK promoter (TK-CAT).
Effect of c-Jun on expression of renin promoter-CAT
fusion genes
To determine the sequences responsible for c-Jun-medi-
ated activation of renin promoter, HEK cells were cotrans-
fected with 59-deletion constructs, together with pSV-c-Jun
DNA or pUC19 (Fig. 3). The renin promoter-CAT hybrid
genes (3 mg) were transiently cotransfected with 6 mg of
pUC 19 (pSV-c-Jun 2) or pSV-c-Jun (pSV-c-Jun 1) and 1
mg of b-galactosidase expression plasmid pCH110 into
HEK cells. CAT activity was expressed relative to that
achieved with the positive control pUCSV3CAT without
pSV-c-Jun. Although the TGACTGA sequence at posi-
tions 2147 to 2141 in the RU-1 element (2224 to 2138)
had partial homology to the AP-1 element, deletion of the
RU-1 element did not affect the degree of activation by
c-Jun (R114CAT). The proximal promoter region from
247 to 116 (R47CAT) mediated the activation of CAT
expression by c-Jun.
Effects of mutation of the core promoter on activation by
c-Jun
In addition to the sequence in the RU-1 element, the
AGGCTCA sequence at positions 222 to 216 in the
proximal promoter also has partial homology to the AP-1
element. To assess the functional role of this downstream
AP-1-like sequence in c-Jun-mediated activation, we per-
formed mutation analysis of the proximal promoter (Fig.
4). The renin promoter-CAT hybrid genes (3 mg) with
mutations (R365-m1-CAT, R365-m2-CAT, R365-m3-
CAT, R365-m4-CAT, and R365-m5-CAT) were transiently
cotransfected with 6 mg of pUC 19 (solid bar, Fig. 4) or
pSV-c-Jun (hatched bar, Fig. 4) and a b-galactosidase
expression plasmid pCH110 (1 mg) into HEK cells as well
as the parental R365CAT. Unexpectedly, R365-m3-CAT
that had mutations in the AP-1-like sequence could also
confer c-Jun-mediated activation. On the other hand,
R365-m2-CAT, which had a mutated region overlapping
the TATA box, was not able to mediate activation by c-Jun.
R365CAT and other mutated constructs could confer
c-Jun-mediated activation.
These results showed that mutation of the sequences
Fig. 1. Analysis of cell type-specific activation of renin promoter by overexpression of c-Jun by CAT assay. (A) Effect of c-Jun on expression of the
renin promoter-CAT gene (R365CAT). (B) Effect of c-Jun on expression of the angiotensinogen/renin promoter-CAT gene (mAg/R365CAT).
Arrowheads indicate different forms of acetylated [14C]chloramphenicol which represent promoter activity. pUCSV3CAT (SV3) and pUCSV0CAT
(SV0) were used as positive and negative controls, respectively. Values represent relative CAT activities (mean 6 SEM, N 5 4) and are expressed as the
percentage of the positive control pUCSV3CAT (SV3, 100%).
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overlapping the TATA box significantly decreased c-Jun-
mediated CAT expression, thereby suggesting that c-Jun-
mediated activation of the renin gene transcription requires
sequences overlapping the TATA box. Since the mutation
of the TATA site (R365-m2-CAT) only slightly decreased
the basal level of transcription, it was possible that we were
measuring inappropriate transcription from a cryptic pro-
moter on the CAT vector. In addition, HEK cells do not
express endogenous renin mRNA (data not shown). Thus,
it would be important to confirm that HEK cells use the
same predicted start site (11) of the renin gene to direct
transcription of the CAT-coding gene as renin-expressing
JG cells. We performed in vitro transcription reactions
analyzed by primer extension to examine whether tran-
scription of the renin promoter-CAT fusion genes initiates
properly from the predicted start site (11) in HEK cells.
The CAT mRNA synthesized in vitro can be specifically
analyzed by primer extension by the use of CAT primer
(Fig. 5A). HEK cells were transfected with pSV-c-Jun or
pUC19, incubated for 24 hours, and WCE were prepared.
R365-m2-CAT as well as R365CAT used as templates were
able to produce a 151-nucleotide cDNA product in reac-
tions that contained HEK cell extracts (Fig. 5B, lanes 2 to
5). Cotransfection of pSV-c-Jun significantly increased the
transcription from R365CAT, while cotransfection of pSV-
c-Jun only slightly increased the transcription from R365-
m2-CAT. Furthermore, the same transcript was generated
upon incubation of R365CAT with WCE from enriched JG
cells (Fig. 5B, lane 6). Therefore, the transcriptional initi-
ation site of the renin promoter-CAT fusion genes in HEK
cells is the same with that in JG cells, and lack of
c-Jun-mediated transcription of R365-m2-CAT in HEK
cells is likely to be mainly caused by decrease in transcrip-
tion from the native initiation site of the renin promoter.
These results indicated that the induction of CAT expres-
sion by c-Jun is dependent on renin core promoter se-
quences overlapping TATA box.
Effect of c-Jun on DNA binding activity to the renin
promoter
To determine the role of c-Jun in the regulation of renin
promoter in HEK cells, we performed EMSA using a 17-bp
double-stranded oligonucleotide probe spanning 236 to
220 bp (mouse renin core element; RC element) of renin
promoter, which included the TATA box sequence (Fig.
6A). Incubation of HEK nuclear extracts (15 mg) with this
element produced a protein-DNA complex when cotrans-
fected with pSV-c-Jun (Fig. 6A, lanes 2 and 3). This
retarded complex was specifically competed out by the
unlabeled RC element and by DNA fragments including
the promoter regions from 275 to 116 and from 247 to
116, but not by the mutated RC element (m[RC]) and a
promoter fragment from 275 to 247 (RP-2 element) (Fig.
6A, lanes 4 to 8). The mutated sequences in the m[RC]
element is the same as in the R365-m2-CAT construct used
in transfection assay in Figure 4. Interestingly, a double-
stranded synthetic DNA containing the consensus binding
sites for AP-1 did not compete efficiently with the RC
element-binding activity (Fig. 6A, lane 9).
The nuclear binding activity to the RC element induced
by c-Jun overexpression was HEK cell-specific, since no
apparent protein-DNA complex was observed with nuclear
extracts from HepG2 cells cotransfected with pSV-c-Jun
(Fig. 6B, lanes 1 to 4). To investigate the possible relation-
ship between RC element-binding proteins and the TATA
box-binding protein (TBP), a core promoter fragment of
TK promoter (2109 to 119 from the transcriptional start
site) containing the TATA box element was used for
competition assay (Fig. 6B, lane 5). The TK promoter
fragment tested failed to compete effectively for binding to
the RC element. To determine further whether the factors
binding to the RC element were directly related to the
Fig. 2. Analysis of promoter-specific activation of renin promoter by
overexpression of c-Jun by CAT assay. Effect of c-Jun on expression of the
renin promoter-CAT gene (R365CAT; F) and thymidine kinase promot-
er-CAT gene (TK-CAT; E) with increasing amounts of pSV-c-Jun co-
transfected. Arrowheads indicate different forms of acetylated [14C]chlor-
amphenicol which represent promoter activity. Values represent relative
CAT activities (mean 6 SEM, N 5 8) and are expressed as the percentage
of the control without cotransfection of pSV-c-Jun (0 mg, 100%).
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components of AP-1 activity, a supershift assay was per-
formed. An antibody recognizing conserved region
epitopes of Jun family (c-Jun, JunB, JunD) was used. As a
control probe, the double-stranded synthetic DNA contain-
ing the consensus binding sites for AP-1 was used to
determine antibody specificity. The protein-DNA complex
formed by the RC element probe was not supershifted by
the anti-Jun antibody (Fig. 6B, lane 6), while the double-
stranded synthetic DNA probe containing the consensus
binding sites for AP-1 was supershifted in the presence of
the anti-Jun antibody (data not shown). These results
indicated that the overexpression of c-Jun enhances specif-
ically the binding of nuclear factors to the RC element
although the Jun proteins are not major components of this
complex.
Functional importance of c-Jun in promoter activation
From the above results, c-Jun seems to exert a critical
influence on promoter activation of the renin gene through
the RC element in HEK cells. Thus, to evaluate the
functional significance of the RC element as an activator
element in c-Jun-mediated renin promoter activity, the RC
element was linked upstream of the TK promoter-CAT
hybrid gene (TK-CAT). The resultant construct RC/TK-
CAT (3 mg) was transiently cotransfected with 6 mg of pUC
19 (pSV-c-Jun 2) or pSV-c-Jun (pSV-c-Jun 1) into HEK
cells (Fig. 7). RC/TK-CAT elicited c-Jun-induced expres-
sion of the CAT-reporter gene (3.9-fold activation). We
next assayed an effect of the mutation that disrupted
binding of nuclear factors to this element. The m[RC]
element, which contained substitution mutations interrupt-
ing the TATA box region and did not compete out the
shifted band on EMSA (Fig. 6A), was linked upstream of
TK-CAT (m[RC]/TK-CAT, Fig. 7). In transiently trans-
fected HEK cells, m[RC]/TK-CAT showed a significant
decrease in c-Jun-mediated promoter activity. This result
further suggested that the RC element overlapping the
TATA box region is important for c-Jun-mediated activa-
tion of renin promoter in HEK cells.
Regulation of renin promoter by c-Jun in enriched
juxtaglomerular cells
To investigate whether c-Jun was indeed involved in the
regulation of renin promoter in renin-expressing cells, we
performed transient transfection assay using enriched JG
cells isolated from the mouse kidney. The renin promoter-
CAT hybrid gene (R365CAT, 3 mg) was cotransfected with
6 mg of pUC 19 (pSV-c-Jun 2) or pSV-c-Jun (pSV-c-Jun
1) into enriched JG cells. JG cells were incubated for six
hours, washed, incubated further for 18 hours in fresh
medium, and harvested for CAT assay. As shown in Figure
8, cotransfection of pSV-c-Jun activated CAT expression
Fig. 3. 5*-Deletion analysis of activation of renin promoter by overexpression of c-Jun by CAT assay. Restriction endonucleases are XbaI (X), HinfI
(H), EcoT14I (E). The TATA box is located at nucleotide positions 231 to 225 and the transcription start site is indicated by 11. RU-1, RP-2, and
RC elements are shown by the solid boxes. pUCSV3CAT and pUCSV0CAT were used as positive and negative controls, respectively. AP-1-TK-CAT
contained the human metallothionein IIA AP-1 element inserted upstream of TK promoter fused to the CAT coding sequence. Values represent
relative CAT activities (mean 6 SEM, N 5 8) and are expressed as the percentage of the positive control (pUCSV3CAT, 100%).
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directed by the renin promoter from 2365 to 116
(R365CAT) in enriched JG cells. This result indicated that
c-Jun is able to activate the renin promoter in renin-
expressing JG cells.
Effects of antisense c-jun oligodeoxynucleotides on
activity of renin promoter and expression of renin mRNA
in juxtaglomerular cells
Finally, to examine whether c-Jun was involved in the
basal expression of renin gene in the kidney, enriched JG
cells were exposed to antisense oligodeoxynucleotides com-
plementary to the c-jun mRNA translation initiation sites,
thereby inhibiting c-Jun protein synthesis. This approach
has previously been shown to be successful in inhibiting
c-Jun protein synthesis in cultured cells [28]. For CAT
assay, R365CAT (3 mg) was transiently transfected into
enriched JG cells with sense or antisense c-jun oligode-
oxynucleotides. JG cells were incubated for six hours,
washed, incubated further for 18 hours with sense or
antisense c-jun oligodeoxynucleotides in fresh medium, and
harvested. For Northern blot analysis, enriched JG cells
were incubated for 12 hours in the presence of sense or
antisense c-jun oligodeoxynucleotides. The addition of 30
mM sense c-jun oligodeoxynucleotides, which were used as
control, did not affect activity of the renin promoter (Fig.
9A, lanes 3 and 4) and expression of the renin mRNA (Fig.
9B, lanes 1 and 2). On the other hand, the presence of 30
mM antisense c-jun oligodeoxynucleotides decreased pro-
moter activity (Fig. 9A, lanes 5 and 6) and mRNA expres-
sion (Fig. 9B, lanes 3 and 4) of the renin gene. Since
antisense c-jun oligodeoxynucleotides did not affect expres-
sion of 18S rRNA, the inhibition of renin gene transcrip-
tion in JG cells was not the result of a general decrease in
gene expression, but rather due to a specific suppression of
c-Jun expression in JG cells. These antisense experiments
indicated that c-Jun is functional and involved directly or
indirectly in basal transcription of the renin gene in JG cells
of the kidney.
DISCUSSION
c-Jun is a member of the AP-1 family transcription
factors which trans-activate a variety of genes through AP-1
elements in a cell type-specific and differentiation-linked
manner. AP-1 element is sometimes required for the basal
and enhanced activities of certain promoters. In this study,
the mouse renin promoter mediated transcriptional activa-
tion by c-Jun. The promoter region from 2365 to 116
contains two AP-1 consensus-like sequences: the upstream
element from 2147 to 2141 and the downstream element
from 222 to 216. 59-deletion analysis showed that the
proximal promoter region from 247 to 116 could confer
this activation, and indicated that the upstream AP-1-like
element was not necessary for c-Jun-mediated activation.
In addition, site-directed mutation of the downstream
AP-1-like element in the proximal promoter did not affect
the activation by c-Jun. Thus, it is not likely that c-Jun
activates the renin promoter through these AP-1 consen-
sus-like sequences.
We previously showed that cAMP and a protein product
of the retinoblastoma susceptibility gene activated the
transcription of renin gene through the increases in nuclear
factors binding to the proximal promoter element (RP-2
element from 275 to 247) [8, 29]. On the other hand, the
results of the present study indicate that c-Jun activates the
renin gene transcription through the RC element from 236
to 220 of the renin promoter, by the induction of HEK
Fig. 4. Mutation analysis of renin proximal
promoter by the CAT assay. The solid
rectangles indicate the locations of site-directed
mutations in the proximal promoter region of
the renin gene (m1, m2, m3, m4, m5).
Sequences of the proximal promoter (from 247
to 116) are shown, and site-directed mutations
are indicated by italics. The TATA box is
shown by the open box, and the transcriptional
start site is indicated by 11. The RC element is
shown by the thick hatched box. Below, the
values represent relative CAT activities
(mean 6 SEM, N 5 8) with (pSV-c-Jun 1; o)
or without (pSV-c-Jun 2; f) cotransfection of
pSV-c-Jun, and are expressed as the percentage
of the control (R365CAT without
cotransfection of pSV-c-Jun, 100%).
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cell-dominant nuclear factors-binding to the RC element.
Since the RC element contains the TATA box region, there
may be a positive interaction of c-Jun with one or more of
the components of the general transcriptional machinery,
as supported by recent studies showing that the AP-1 family
of transcription factors c-Jun and c-Fos directly associate
with the TATA box-binding protein (TBP), which is one of
the components of the basal transcription machinery [30–
33]. It is possible that a factor in the renin core promoter
that is activated by c-Jun may be TBP. However, in the
present study, c-Jun activated the renin promoter in HEK
cell-specific manner, but did not activate the TATA box-
containing TK promoter in HEK cells. In addition, the
overexpression of c-Jun produced nuclear factors-binding
to the RC element in HEK cell-specific manner, which was
not competed by TK promoter fragment containing the
TATA box. Furthermore, TBP binding to the TATA box is
not usually detected in crude nuclear extracts [32]. All of
these support the argument that TBP is not directly in-
volved in the RC element-binding activity in HEK cells.
We do not believe that the c-Jun response itself is an
artifact of transfection for the following reasons. Firstly,
Ekker et al transfected constructs containing the promoter
region of the mouse renin genes fused to the CAT gene
into five cell lines that did not express renin mRNA [34]. In
their study, the accurate use of the transcriptional initiation
site was achieved when the renin promoters were activated
by the SV40 enhancer, suggesting that the direction of
correct and accurate use of the transcriptional initiation
site in noncognate cells was due to the presence of trans-
acting factors required to interact with sequences in the
59-flanking region of the renin genes. Our previous study
using HEK cells identified transcriptionally active pro-
moter regions (RU-1 and RP-2 elements) [3], and the
Fig. 5. Mutation analysis of renin core
promoter by in vitro transcription-primer
extension assay. (A) A schematic strategy for in
vitro transcription-primer extension assay. The
CAT mRNA transcribed in vitro from the
template DNAs (renin promoter-CAT fusion
genes) produces a 151-nucleotide cDNA by
primer extension using CAT primer (183 to
160). The TATA box is located at nucleotide
positions 231 to 225 and the transcription
start site is indicated by 11. The renin core
(RC) element is shown by the solid box. (B)
Effect of c-Jun on in vitro transcription of the
renin promoter-CAT fusion genes (R365CAT
and R365-m2-CAT). The location of site-
directed mutations in R365-m2-CAT construct
is shown in Figure 4. Lane 1, fX174/HincII size
marker (in nucleotide); lane 7, fX174/HaeIII
size marker (in nucleotide).
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results of a recent study using renin-expressing As4.1 cells
supported an important role of the RP-2 element in
transcription of the renin gene [11]. Therefore, it is likely
that HEK cells possess trans-acting factors required to elicit
transcription of the renin promoter-CAT hybrid genes
from the predicted initiation site (11). Secondly, all of the
CAT chimeric constructs used in this study contained a
potent transcriptional terminator (SV40 polyadenylation
signal) at the 59 end of the renin promoter regions. Thus,
c-Jun does not seem to increase readthrough transcripts
arising from prokaryotic sequences in the constructs.
Thirdly, we showed that the transcriptional initiation site of
the renin promoter-CAT chimeric gene used in HEK cells
was the same with the initiation site used in renin-express-
ing JG cells and that the overexpression of c-Jun increased
the transcription from this initiation site in HEK cells by in
vitro transcription (Fig. 5).
Although nuclear factor-binding to the RC element was
induced by the overexpression of c-Jun, the results of
electrophoretic shift competition analysis and supershift
assay showed that the RC element-binding factor was
distinct from AP-1 family transcription factors. Although
previous studies have demonstrated that c-Jun can either
positively or negatively regulate expression of several genes
through cis-acting elements in a cell type-dependent man-
ner [35], at present the exact mechanism by which c-Jun
activates transcription of the renin gene through the RC
element is unclear. A similar case was reported previously,
in which c-Jun regulated the a-fetoprotein promoter by an
unknown mechanism without direct binding to DNA [36].
c-Jun may be directly involved in the binding activity of RC
element-binding factor through repression of transcription
of a repressor protein or a protein that inhibits DNA
binding [37], or through a direct and positive interaction
with transcription factors [38]. Furthermore, there is a
possibility that c-Jun is not present in the transcription
complex at all, but is necessary for transcriptional induction
of another unknown factor that activates the renin pro-
moter. The modulation of differentiation in response to the
overexpression of c-Jun may result in a post-transcriptional
modification increasing transcription factor binding to the
RC element [39]. Here again, since we do not have any data
regarding the mechanisms of c-Jun-dependent regulation
of the renin gene in HEK cells, these possibilities are only
speculative. The exact mechanism is not known and the
question of how the promoter specificity of the response is
achieved remains open.
Although renin is mainly produced in JG cells of the
Fig. 6. Analysis of nuclear factors binding to the renin core element (RC element; 236 to 220) by EMSA. (A) Effect of c-Jun on nuclear factor binding
to the RC element. The solid and open arrowheads indicate specific DNA-protein complex and free probe, respectively. Lane 1 contained no nuclear
extract. (B) Cell type-specificity of DNA binding activity to the RC element, and effects of thymidine kinase core promoter fragment (TK-pr) and
anti-Jun antibody (anti-Jun) on DNA binding activity to the RC element. The solid and open arrowheads indicate specific DNA-protein complex and
free probe, respectively.
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kidney and HEK cells do not themselves express renin
mRNA, the overexpression of c-Jun activated the renin
promoter not only in HEK cells but also in enriched JG
cells. This result suggests that c-Jun is involved in the
regulation of the renin promoter in renin-expressing JG
cells of the kidney. Furthermore, the antisense c-jun oli-
godeoxynucleotides inhibited basal transcription of the
renin gene in enriched JG cells. Since the antisense c-jun
oligodeoxynucleotides should specifically decrease the en-
dogenous expression of c-Jun in JG cells, the result suggests
that c-Jun contributes to basal transcription of the renin
gene in JG cells without stimulation. Apparently, further
study is necessary to clarify a functional role of the RC
element in c-Jun-mediated transcriptional regulation of the
renin gene in JG cells. The data presented here demon-
strate that c-Jun activates the mouse renin gene proximal
promoter in HEK cells, and that this effect is mediated
mainly via a core promoter element from 236 to 220 (RC
element) overlapping the TATA box. Transcription factors
Fig. 7. Mutation analysis of renin core (RC) element in c-Jun-mediated
activation of heterologous thymidine kinase promoter by CAT assay. (A)
Effect of mutation of the RC element on the c-Jun-mediated activation of
thymidine kinase (TK) promoter. (B) Values represent relative CAT
activities (mean 6 SEM, N 5 6) and are expressed relative to those
achieved with RC/TK-CAT without pSV-c-Jun (pSV-c-Jun 2).
Fig. 8. Analysis of activation of renin promoter by overexpression of
c-Jun in renin-expressing juxtaglomerular (JG) cells by CAT assay. Effect
of c-Jun on expression of the renin promoter-CAT gene (R365CAT) in
enriched JG cells. Arrowheads indicate different forms of acetylated
[14C]chloramphenicol which represent promoter activity. pUCSV3CAT
(SV3) and pUCSV0CAT (SV0) were used as positive and negative
controls, respectively.
Fig. 9. Effects of antisense c-jun oligodeoxynucleotides on transcription
of renin gene in juxtaglomerular (JG) cells. (A) Transient transfection
analysis of inhibition of renin promoter activity (R365CAT) by antisense
c-jun oligodeoxynucleotides. Arrowheads indicate different forms of
acetylated [14C]chloramphenicol which represent promoter activity.
pUCSV3CAT (SV3) and pUCSV0CAT (SV0) were used as positive and
negative controls, respectively. (B) Northern blot analysis of inhibition of
renin mRNA expression by antisense c-jun oligodeoxynucleotides: 18S
rRNA and 18S ribosomal RNA.
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distinct from TBP or AP-1 family appear to mediate this
c-Jun response, and unknown factors binding to the RC
element seems to be regulated by c-Jun in the activation
process. Further work should be carried out to characterize
this DNA-binding protein. This is of crucial importance for
a better understanding of how powerful and versatile
proteins such as c-Jun are involved in cross-talk between
tightly regulated pathways so as to achieve specific goals
within a given cell and promoter context.
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APPENDIX
Abbreviations used in this article are: AP-1, activator protein-1; CAT,
chlorampheniocol acetryltransferase; CRE, cAMP response element;
EMSA, electrophoretic mobility shift assay; HEK, human embryonic
kidney; JG, juxtaglomerular; RC element, renin core promoter region;
RAS, renin-angiotensin system; R365CAT, renin promoter-CAT hybrid
gene; SV40, simian virus 40; TBP, TATA box-binding protein; TK-CAT,
CAT expression directed by the TK promoter; WCE, whole cell extracts.
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